Metacognition is the capacity to introspectively monitor and control 31 one's own cognitive processes. Previous anatomical and functional neuroimaging 32 findings implicated the important role of precuneus in metacognition processing, 33 especially during mnemonic tasks. However, the issue of whether this medial parietal 34 cortex is a domain-specific region that supports mnemonic metacognition remains 35 controversial. Here, we focally disrupted this parietal area with repetitive transcranial 36 magnetic stimulation in healthy participants of both sexes, seeking to ascertain its 37 functional necessity for metacognition for memory versus perceptual decisions.
Each participant completed 480 trials in total in each of the two tasks (2 sessions × 140 4 blocks × 60 trials per block). 141 The memory task required participants to choose the image that happened earlier 142 (temporal order judgment, TOJ) in the video game they had played one day before. The 143 retrieval task was administrated inside an MRI scanner, where visual stimuli were 144 presented using E-prime software (Psychology Software Tools, Inc., Pittsburgh, PA), 145 as back-projected via a mirror system to the participant. Each trial was presented for 5 146 s during which participants performed the TOJ. They were then allowed 3 s to report 147 their confidence level following the memory judgment. Participants performed the TOJ 148 task using their index and middle fingers of one of their hands via an MRI compatible 149 five-button response keyboard (Sinorad, Shenzhen, China) . The participants reported 150 their confidence level ("Very Low", "Low", "High", or "Very High") regarding their 151 own judgment of the correctness of TOJ with four fingers of the other hand. The 152 left/right hand response contingency was counterbalanced across participants. The 153 participants were encouraged to report their confidence level in a relative way and make 154 use of the whole confidence scale. Following these judgments, a fixation cross with a 155 variable duration (1 -6 s) was presented ( Figure 1C ). 156 The same sets of paired-images were used in the perceptual task, in which the 157 participants were required to choose either the clearer (or blurrier, counter-balanced 158 Mnemonic metacognition in precuneus 9 across participants) image among a pair of images on each trial. The participants made 159 an image-resolution comparison judgment and then a confidence rating of their type 1 160 task decision ( Figure 1D ) with a 17-inch CRT monitor in a dimly illuminated room. 161 There was a practice block before each session for the participant to get familiar with 162 the task demands. of both tasks, participants received 20 min of rTMS to either one of two cortical sites 167 before performing the main task. The stimulation sites (within-subjects design: TMS-precuneus vs. TMS-vertex) and choices of video game chapters were counterbalanced 169 within subjects across task. (B) Location of precuneus (target site) is depicted in red 170 and vertex (control site) in blue. The target site for precuneus stimulation (MNI x y z = 171 6, -70, 44) was based on (Kwok, Shallice, & Macaluso, 2012) . (C) In memory task, the 172 participants performed a temporal order judgment task, by choosing the image that 173 happened earlier in the video game. (D) In perceptual task, participants identified which 174 frame out of the two was clearer (or blurrier). After the type 1 tasks, participants rated 175 their confidence level on a 4-point scale.
177
Quantification of metacognitive efficiency 178 Memory and perceptual performance were quantified using the percentage of 179 correct judgments and the d' of type 1 signal detection theory (Green and Swets, 1966; 180 Macmillan and Creelman, 2004). We evaluated the metacognitive ability of both tasks 181 by meta-d'. Meta-d' quantifies metacognitive sensitivity (the ability to discriminate 182 between correct and incorrect judgments) in a signal detection theory (SDT) framework.
183
Meta-d' was widely used as a measure of metacognitive capacity because it is expressed 184 in the same scale as d', so the type 2 sensitivity (meta-d') could be compared with the 185 type 1 sensitivity (d') directly (Fleming & Lau, 2014; Maniscalco & Lau, 2012) . If meta-186 d' equals to d', it means that the metacognitive sensitivity is ideal. Here, we calculated 187 the M-diff (meta-d' minus d') for estimating the metacognitive efficiency (the level of 188 metacognition given a particular level of performance or signal processing capacity).
189
The toolbox on MATLAB for the SDT-based meta-d' estimation was available at http://www.columbia.edu/~bsm2105/type2sdt/. Moreover, we computed the 191 metacognitive efficiency using a hierarchical Bayesian estimation method 192 (https://github.com/smfleming/HMeta-d), which can avoid edge-correction confounds 193 and enhance statistical power (Fleming & Daw, 2017) . The 4-point confidence ratings 194 were collapsed into two categories (high and low) for all analysis.
195
Additionally, to ensure our results were not due to any idiosyncratic violation of 196 the assumptions of SDT, we calculated the phi coefficient index, which represents each 197 subject's correlation between their discrimination accuracy and confidence ratings 198 (Kornell, Son, & Terrace, 2007) . The phi coefficient was calculated according to the 199 following formula using the number of trials classified in each case [n(case)]:
Data were processed with in-house software on MATLAB and statistical inference 202 was made using Rstudio. Participants played 14 chapters in total across two sessions: 7 in experimental session 210 1 and then another 7 in session 2. These subject-specific video were recorded and were 211 used for extraction of still images for the tasks.
For the memory task, we selected static images from the subject-specific recorded 213 videos which the participants had played the day before. Each second in the video 214 consisted of 29.97 static images (frames). In each game-playing session, 240 pairs of 215 images were extracted from the seven chapters and were paired up for the task based 216 on the following criteria: (1) the two images had to be extracted from either the same 217 chapters or adjacent chapters (Within-vs. Across-chapter condition); (2) the temporal 218 distance (TD) between the two images were matched between Within-and Across-219 chapter condition; (3) in order to maximize the range of TD, we first selected the second 220 longest chapter of the video and determined the longest TD according to a power 221 function (power = 1.5), at the same time ensuring the shortest TD to be longer than 30 222 frames. We generated 60 progressive levels of TD among these pairs.
223
For the perceptual task, the same sets of subject-specific stimuli from the memory 224 task were used. On each trial, the resolution of one of the images was reduced using 225 Python Imaging Library through resizing the image to change the pixel dimension. For 226 instance, setting an image to three-tenths of the original size changed the pixel 227 dimension to three-tenths, then the image was resized to its primary size so that the 228 pixels per inch (PPI) decreased proportionately. The higher the PPI, the smaller the 229 difference between the image resolution of the resized one and the original was, which 230 also meant this pair would be harder to discriminate than another pair with a lower PPI 231 value. Based on participants performance in the memory task, we pre-determined five 232 difficulty levels for the perceptual task (n = 1~5, 1 is the hardest). The image resolution 233 was adjusted online using an n-down/1-up adaptive staircase procedure, aiming to 234 Mnemonic metacognition in precuneus 13 equate individual performance with his or her performance in the memory task. 
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In each session, TMS was delivered to either the precuneus or vertex before the Overall, the participants missed 2.9% of TOJ trials and 2.2% confidence rating in 291 the memory task, whereas the participants missed 0.7% trials in the perceptual type 1 292 task. Trials missing either one of the measures were excluded from the analysis. 293 We first examined whether the type 1 task performance in accuracy (% correct, 294 Figure 1A ), reaction time (RT, Figure 1B) , and confidence rating ( Figure 1C ) might be 295 affected by TMS. As expected, the task performance was not different between the two 296 TMS conditions in neither memory (accuracy, t (17) = 0.349, p = 0.640; RT, t (17) = 297 1.997, p = 0.090; confidence rating, t (17) = 0.069, p = 0.780) nor perceptual part 298 (accuracy, t (17) = 1.091, p = 0.480; RT, t (17) = 0.842, p = 0.490; confidence rating, t 299 (17) = 0.461, p = 0.560). We then used a robust metacognitive index (meta-d'd') to investigate whether TMS on the precuneus might affect the metacognitive performance on the tasks. We following TMS to precuneus relative to TMS to vertex in the memory task (t (17) = -314 2.155, p = 0.046), whereas no difference in metacognitive efficiency was found in the 315 perceptual task (t (17) = 1.378, p = 0.186). Metacognitive efficiency using the 316 hierarchical model revealed the same pattern of results (Task × TMS interaction: F (1, 317 17) = 7.312, p = 0.015; memory: t (17) = -2.119, p = 0.049; perception: t (17) = 1.334, 318 p = 0.200). To better characterize the effect of TMS on metacognitive efficiency, we 319 performed sign tests to verify the extent of changes between TMS to precuneus and 320 vertex. The metacognitive efficiency was reduced by TMS to precuneus in a majority 321 of participants in the memory task (13/18 reduced, p = 0.035, sign test; Figure 3A left), 322 but not in the perceptual task (10/18 reduced, p = 0.290, sign test; Figure 3A right).
323
These meta-indices are in principle based on how people rate their confidence, 324 which refer to how meaningful a person's confidence rating is in distinguishing between 325 correct and incorrect responses. We accordingly ran a 3-way repeated measures 326 ANOVA (Task: Memory/Perception × TMS: precuneus/vertex × Confidence:
327
Low/High) on the type 1 task percentage correct and obtained a significant 3-way 328 interaction (F (1, 17) = 10.652, p = 0.005). The TMS effect was disproportionally 329 Mnemonic metacognition in precuneus 18 stronger in the memory task, as evident in a TMS × Confidence interaction (F (1, 17) = 330 4.487, p = 0.049; Figure 3B left), than in the perceptual task (F (1, 17) = 1.24, p = 0.281; 331 Figure 3B right). Such effects in the memory task were driven by higher accuracy 332 following TMS-precuneus than TMS-vertex in the low confidence ratings condition (t 333 (17) = 2.354, p = 0.031), but not in the high confidence ratings condition (t (17) = -0.4, 334 p = 0.694).
335
To add credibility to these results, we replicated these findings with the Phi 336 coefficient (F (1, 17) = 13.81, p = 0.002; Figure 3C ), confirming that our results were 337 not biased by any idiosyncratic violations of the assumptions of SDT. These findings 338 of lower metacognitive efficiency in the memory task following TMS to precuneus 339 compared to vertex confirm our prediction that the precuneus causally mediates 340 memory metacognition, but not perceptual metacognition. 360 z = -0.86, p = 0.390; Figure 4A ). This again indicates that TMS had no effect on the 361 basic task performance, in line with the pattern shown in Figure 2 . In contrast, while 362 the metacognitive efficiency for the two tasks were significantly correlated in the TMS-363 vertex condition (r = 0.72, p < 0.001; Figure 4B) , as of what was reported previously precuneus treatment (r = -0.13, p = 0.63; Figure 4B ), and the correlation coefficient was 366 Mnemonic metacognition in precuneus 20 significantly lower than that of the TMS-vertex condition (z = -3.38 , p = < 0.001).
367
Taken altogether, these results reveal that TMS to precuneus affects the metacognitive 368 performance specifically for the memory domain. . (B) In the TMS-vertex condition, the metacognitive efficiencies 375 across the group were significantly correlated between memory and perceptual tasks.
376
However, following TMS-precuneus, such between-tasks metacognitive efficiencies 377 were no longer correlated. We employed an inferentially powerful technique to investigate the critical role of 383 precuneus in the metacognitive ability in two distinct domains: memory and perception.
384
We demonstrated that magnetic fields stimulation targeted at the precuneus impairs 385 metacognitive efficiency in a long-term memory task without eliciting amnesia. TMS 386 targeted to the precuneus affects the efficacy of confidence ratings specifically in a 387 manner that subjects became less certain with their correct memory decisions. Critically, 388 the TMS's task-specific effect on the memory task, but not in the perceptual counterpart,
389
implies that the neurobiological prerequisite for metacognitive ability is indeed 390 supported by domain-specific components, some of which might be housed in the 391 precuneus.
392
Previous studies showed that the precuneus is implicated in memory metacognition, 
401
They found that the domain-specific pattern for metacognition was encoded in the prefrontal cortex whereas the domain-general pattern was distributed in a widespread 403 network in the frontal and posterior midline, including the precuneus. These studies 404 thus suggest that the precuneus might be dually involved in both memory and 405 perceptual metacognition for the close relationship shared between precuneus and 406 perceptual metacognition (McCurdy et al., 2013; Morales et al., 2018) , 1995) . These behavioral and neural evidence convergently implicate the medial 440 parietal cortex in the assessment of recollection during retrieval in support of its role in 441 meta-memory. In line with the contribution to recollection of past episodes, our data 442 corroborated the exiting evidence for the participation of precuneus in higher-order 443 conscious processes during episodic memory retrieval.
444
Individual metacognitive efficiency scores were found to be positively correlated 445 across the memory and perceptual domains under the control condition in some studies 446 Mnemonic metacognition in precuneus 24 (Faivre et al., 2016; McCurdy et al., 2013; Ruby, Giles, & Lau, 2017; Samaha & Postle, 447 2017), but not in others (Baird et al., 2013; Vo et al., 2014; Fitzgerald et al., 2017; 448 Sadeghi et al., 2017; Morales et al., 2018) . It is plausible that such discord in correlation 449 between metacognitive scores across domains is partly driven by the different types of 450 judgments required (Ruby et al., 2017) . A caveat is that the comparison did not take the To conclude, our findings reinforce the notion that precuneal region plays a critical 460 role in mediating metacognition in episodic memory retrieval. To our knowledge, our 461 study is the first one to causally verify the domain-specificity hypothesis of the 462 precuneus in mnemonic metacognition in the human. Together with the contribution of 463 anterior prefrontal cortex to perceptual metacognition, a challenge for future work is to 464 understand how these different kinds of metacognition can be integrated into a unified 465 framework.
